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ABSTRACT. The interaction of the alcohols 2-methyl-2,4-pentanediol (MPD) and 2-propanol and of glycerol
with condensed spermidifie DNA arrays are investigated with direct force measurements using osmotic
stress coupled with X-ray scattering. Thermodynamic forces between DNA helices are measured from
the dependence of helical interaxial spacings on the osmotic pressure applied by poly(ethylene glycol)
solutions in equilibrium with the DNA phase. The sensitivity of these forces to solute concentration can
be transformed into a change in the number of excess or deficit solutes or waters in the DNA phase by
applying the GibbsDuhem equation. The alcohols examined are excluded from the condensed DNA
array and strongly affect the osmotic stress force curves. DNA is preferentially hydrated. MPD is
significantly more excluded than 2-propanol. The exclusion of these alcohols, however, is not due to a
steric repulsion since glycerol that is intermediate in size between MPD and 2-propanol does not observably
affect DNA force curves. As the distance between DNA helices varies, the change in the number of
excess waters is independent of alcohol concentration for each alcohol. These solutes are acting osmotically
on the condensed array. The distance dependence of exclusion indicates that repulsive water structuring
forces dominate the interaction of alcohols with the DNA surface. The exclusion measured for these
condensed arrays can quantitatively account for the effect of these alcohols on the precipitation of DNA
from dilute solution by spermidirfé.

The assembly of highly charged polyelectrolytes as DNA and 2-propanol facilitate cation mediated precipitation of
using oligo- and multivalent cations into tightly packed arrays DNA (22). The critical concentration of condensing cations
is the focus of much theoretical and experimental researchdecreases with increasing alcohol concentration. There are
(1—3). The reversible packaging of DNA has several two, essentially opposite, explanations for this action of
potential applications; foremost among them is for use in alcohols. This effect has been interpreted as an increased
gene delivery systemdg{6). The condensation of DNA by  attraction between DNA helices with bound multivalent ions

counterions such as cobalt hexammine (Co{#), Mn?*, due to a lowered dielectric constari22(-24). Increased
oligolysines, protamines, and alkylamines as spermidine attraction due to alcohol necessarily means that the alcohol
(NH3"—(CHy)3—NH;"—(CHy),—NH3") and spermin¥ re- concentration within the condensed DNA array would be

sults in hexagonally packed, parallel arrays of helices. The higher than that around DNA in dilute solution (i.e., a
center-to-center distance between helices varies betw2én  preferential solvation of condensed DNA with alcohol).
and 32 A, depending on the condensing ion and temperature An alternative explanation is that nonpolar alcohols are
for some ions as Mit, corresponding to a relatively large  excluded from the vicinity of phosphate and bound cation
distance between DNA surfaces of7—12 A (7-10). charges on the DNA surface (i.e., DNA is “preferentially
Assembly is commonly considered driven by an electrostatic hydrated”) @5, 26). If the number of excess waters associated
attraction between phosphate groups on one DNA helix andwith DNA is greater for isolated helices than in the
bound cations on an apposing helix(-16). Alternatively, precipitated array, increased alcohol concentration will favor
an attraction between DNA phosphates and bound cationsprecipitation.
mediated by water structuring or hydration forces has also  The direct measurement of foredistance curves between
been proposed based on measured forces between DNApwacromolecules, particularly DNA helices, in condensed
helices in condensed array8, @, 17). _ arrays using the osmotic stress technique coupled with X-ray
The precipitation of DNA from dilute solution occurs re-  scattering has provided much detailed information about the
versibly over a narrow concentration range of these condens-ipteractions of molecules at close distandd, (27, 29).
ing ions (18—21). The critical precipitation concentration  condensed DNA is equilibrated against a solution containing
depends on the bulk NaCl concentration as well as the 4 polymer as poly(ethylene glycol) (PEG) that is excluded
multivalent ion identity. Alcohols such as methanol, ethanol, from the DNA phase. The osmotic pressure of the polymer
acts as a force to push helices closer. The spacing between
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helices can be measured as a function of osmotic pressure The number of excess waters released as DNA helices are
using X-ray diffraction. Water, salts, and other small solutes brought together from large distances to the spacings
are free to exchange between the polymer solution andcharacteristic of DNA assembly can be calculated by
condensed DNA phase and establish their own equilibrium. integrating the distance dependence\df,. The results are
Thermodynamic force curves have been measured betweemood agreement with the observed effect of MPD and
helices spontaneously assembled by several different mul-2-propanol on the critical concentration of spermidine
tivalent cations §, 9). The forces encountered in pushing necessary for precipitation of DNA from dilute solution.
helices closer than the equilibrium spacing are quite similar  The characteristics we observe for the exclusion of
for the various condensing agents that range from metal ionsalcohols from DNA, the magnitude &T,, its dependence
as Mr¥" and cobalt hexammine to the alkyl chain oligoam- on solute nature, but its insensitivity to concentration, are
ines to small polypeptides as protamine, strongly suggestingalso commonly observed for the preferential hydration of
that the equilibrium spacing is not determined by a hard ion proteins in the presence of excluded neutral soll28s236,
bridging distance between phosphates, but by a balance 0f30). Hydration forces seem likely to underlie the general
soft intermolecular forces. exclusion of small osmolytes from macromolecular surfaces.
An advantage of the osmotic stress experimental approachThis should not be surprising, given the dominant role of
is its connection to rigorous thermodynamics. Changes in hydration forces in the close interaction between macromol-
pressure-volume work,ITAV, can be balanced by changes ecules that has been observed.
in temperature-entropy energidd\S, or by changes in the
numbers of molecules-chemical potential watky, through MATERIALS AND METHODS

the Gibbs-Duhem equation. We have previous8) Exam- . . . .
ined the sensitivity of DNA force curves with subcritical _ Materials High molecular weight chicken blood DNA was

concentrations of Co(NB*" to determine the number of ~Prepared as described previousd). (Poly(ethylene glycol)

extra ions bound in the assembly transition and to estimate(MW 8,000), spermidine.3HCI, and 2-methyl-2,4-pentanediol
the depth of the attractive energy well. We also used the Were purchased from Fluka Chemical Company (micro select
temperature dependence of MrDNA force curves to grade). Glycerol and 2-propanol ware purchased from JT

extract the change in entropy of the DNA phase as a function Baker and Company (analytic grade).

of interhelical spacingg, 29). Osmotic StressThe method for direct force measurement
Here we measure the dependence of the forces betweery 0Smotic stress has been described in detail by Parsegian
DNA helices condensed with spermidine (Sp®NA) on et al. 7). In brief, condensed macromolecular arrays are

alcohol concentration. We extract, in particular, the change €quilibrated against a bathing polymer solution, typically
in the number of excess water molecules in the DNA phase PEG of known osmotic pressure that is excluded from many
inferred from the change in spacing between helices as thecondensed macromolecular arrays, DNA in particular. Water
alcohol concentration is varied. We find that the alcohol- and small solutes are free to exchange between the PEG and
to-water ratio decreases in the DNA phase as helices movecondensed DNA phases. After equilibrium is achieved, the
closer for both 2-propanol and MPD. By equilibrating dried 0Smotic pressures in both the polymer and macromolecular
Spd-DNA arrays with small volumes of alcohelvater phases are the same, as nepessanly are the chemical potentials
solutions and measuring the alcohol content remaining in Of all the permeating species. If the condensed macromo-
the supernatant after solvation, we show that these alcoholdecular phase is sufficiently ordered, the intermolecular
are strongly excluded from the Spd-DNA phase. distance can be determl_ned as a function of the applied PEG
The change in the number of excess or preferentially Stréss by Bragg scattering of X-rays.
included waters as the distance between helices varies is Spermidine (Sptt) precipitated DNA was prepared by
independent of alcohol concentration, but different for adding Spé‘to a 1 mg/mL (-3 mM DNA-phosphate) DNA
2-propanol and MPD. The change in the number of prefer- solution to a final nominal concentration ef4 mM and
entially included waters AL, increases approximately —mixing. Condensed SBt-DNA samples {-0.2—0.3 mg) are
exponentially with distance between helices. The decay equilibrated against1 mL PEG solution containing varying
length of the exponential is-34 A for both 2-propanol and ~ concentrations of Spdeand alcohols or glycerol in 10 mM
MPD. This value is characteristic of a repulsive hydration TrisCl (pH 7.5) at room temperature for about 2 weeks
force that has been now seen between many macromolecule¥ith 2 changes of PEG solution with occasional mixing.
at close separation and likely represents a wateater Osmotic pressures of the PEG solutions were measured
correlation length. These alcohols seem to interact with the directly using a Vapro Vapor Pressure Osmometer (model
DNA surface through water structuring forces. Virtually 5520, Wescor Corp.). Osmotic pressures were additive over
complete exclusion of MPD from the SPdDNA phase the range of PEG and solute concentrations to with2s%
occurs at an interhelical spacing ©f24 A. Over the range  for glycerol and~10% for 2-methyl-2,4-pentanediol. The
of spacings examined-Q4—29 A), MPD is about twice as  vapor pressure of 2-propanol itself is too high to allow direct
excluded as 2-propanol and is also twice the size. The 0smotic pressure measurements. It was simply assumed that
exclusion of these alcohols, however, is not simply a steric 2-propanol osmotic pressures are ideal in the concentration
excluded volume effect since glycerol that is intermediate range used (as are glycerol and MPD to withi6%) and
in size between 2-propanol and MPD is not excluded at all. additive with PEG pressures.
Since size alone is not the determining factor, we postulate X-ray ScatteringAn Enraf-Nonius Service Corp. (Bohe-
that the magnitude of the hydration repulsion is to a first- mia, NY) fixed copper anode Diffractis 601 X-ray generator
order approximation a sum of the contributions from the (National Institutes of Health, MD) equipped with double
individual groups comprising the molecule. focusing mirrors (Charles Supper Co.) was used for X-ray
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scattering. DNA samples were sealed with a small amount
of equilibrating solution in the sample cell and then mounted
into a temperature-controlled holder atZD. A helium filled
Plexiglas cylinder with Mylar windows was between the
sample cell and image plate, a distance 16 cm.
Diffraction patterns were recorded by direct exposure of M
Fujifilm BAS image plates and digitized with a Fujifilm BAS
2500 scanner. The images were analyzed using the FIT2D
(copyright A. P. Hammersley, ESRF) and SigmaPlot 8.0 =
(SPSS Inc.). The sample to image plate distance was o
calibrated using powergatbromobenzoic acid. Mean pixel
intensities between scattering radir— 0.05 mm andr +
0.05 mm averaged over all angles of the powder pattern
diffraction, 0(r)dJ, were used to calculate integrated radial = — - -
intensity profiles, 2r(r)C. The sharp, intense ring corre- Spd*-DNA membrane
sponds to interaxial Bragg diffraction from DNA helices
packed in a hexagonal array. X-ray scattering patterns were
reproducible over at least several months of storage. No N, Solutes
sample degradation was apparent.

The DNA samples showed complete reversibility. DNA £ ce 1: The thermodynamics of the effect of solutes on forces
pellets initially prepared by ethanol precipitation in Na acetate can be conveniently derived through a schematic representation of
solution or Spé" precipitation in water or in water/alcohol the osmotic stress experiment. Poly(ethylene glycol) is excluded

solutions then equilibrated against PEG/Spalcohol solu- ~ from the DNA phase and applies an osmotic pressure on it. This

; _ ; " stress can be modeled as hydrostatic pressure acting through a
tlon.S. gave the_ same X-ray spacings. Samples' .'mtla”y semipermeable membrane separating the polymer and DNA phases.
equilibrated against one set of PEG/Spalcohol conditions  \water and small solutes are free to exchange between the two

can be equilibrated against another with complete revers-phases. The reference phase contajnaters anchs solutes and

ibility in spacing. The measurements reflect equilibrium the DNA phaseN,, waters and\s solutes. If the solute affects the

conditions. interaction between DNA helices, them/n, and NJ/N, are
Hydration of Dried Sp#-DNA. About 10 mg of Sp# necessarily different.

precipitated DNA was washed three times with 10 mL 70% Semipermeab|e membrane Separating théHSWA phage
cold ethanol/water solution. The DNA pellets were lyophi- from a reference solution. The membrane can pass water,
lized for ~ 2 days (Savant Speed Vac system VLP120, salt, and solute, but not DNA. At constant temperature and
RVT4104, SCllOA) and 4pL of water/alcohol or water/ hydros’[atic pressure, the free energy of the3$.F[Q]\]A can
glycerol solution added. Solvating samples were kept in pe related to the chemical potentials of tiesolute and\,,

screw-top Eppendorf tubes additionally sealed with Parafilm water molecules included in this phase through a Gibbs
for ~1 month at room temperature with occasional mixing Duhem equation3?3)

and centrifugation. The alcohol concentration of a;20-

aliquot taken from the remaining supernatant was determined d Ggppr—ona = —Ns dus— N, dpy (1)

by measuring the refractive index using an Abbe C10 ) ) )

Refractometer. A control experiment solvating with water 1here is another GibbsDuhem relation for thexs and ny,

showed no change in the refractive index. solute and water molecules in the r_eference s_olut|on that
Critical Spd* Concentrations for DNA PrecipitatioiThe connects the solute and water chemical potentials

critical concentration of Sd necessary for the precipitation ref ref ref ref

of DNA from dilute solution was determined as described ndus”+n, du, =0ordus” = —(n/n) dp, @)

basically by Pelta et al3(). A series of chicken blood DNA

samples were prepared with varying Sp€bncentrations In terms of the reference solution and PEG piston that are

and fixed solute concentration in 0.1 M NaCl, 10 mM TrisCl in equilibrium with the Sp&"-DNA phase

(pH 7.5). The DNA concentration was 15 uM base pairs

in 1 mL total volume. After incubating at room temperature dug=dulf and du, = dule' — 7, d lpe ~ (3)

for ~ 2 h, the solution was centrifuged &t 1600@Q for 10 )

min and the absorbance at 260 nm of the supernatantwhere , is the molecular volume of water. We have

measured. Around the critical concentration, thepin-  Nneglected the chemical potential of Spdince DNA forces

centration was varied in steps of 0.25 mM. We used the are insensitive to spermidine concentration over a broad

Spdt concentration at half loss of absorbance as the critical 'ange,~ 0.5 to 20 mM (data not shown) as was observed

concentration. for Co(NHy)s>" (9). _ _
ThermodynamicsA convenient thermodynamic scheme ~ Combining these equations, we have either

for considering the actions of the stressing polymer PEG and (NJN,)

osmolyte is illustrated in Figure 129, 32). In practice, a  gG. .. - =V, dIIoe— N |1 — ——2] d u® =

pellet of condensed SPUDNA is equilibrated against a Sph—DNA — Tw T TTPEG W( (nS/nW)) W

solution of PEG and solute. The PEG is sterically excluded Vi d g+ 7,1, d g (43)

from the Spd"™-DNA phase, and the effect of its osmotic

pressure is equivalent to a pressuiegg, acting througha  or

Myec

Waters

Solutes

Semipermeable

Nw Waters
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where V,, = 7,Ny, the incremental contribution to the
osmotic pressure from the solutd i = —d u(*/z,, andl,
andI's are the excess (or deficit) numbers of waters and
solutes, respectively, associated with the SgANA phase,
also termed preferential interaction coefficients. Solutes will
only affect DNA forces if the ratio of solute to water is
different in the Sp#&-DNA and reference phases (i.e., only
if (NJ/Nw)/(ndny) = 1). These two equivalent equations are
a consequence of an intrinsic ambiguity in the Gibbsihem
equationu,, andus cannot be varied independently. We focus
here onl'y, andIls (eq 4a) since, as will be seen, itAd,,
that remains constant as the solute concentration is varied
Changes in the excess number of waters in the*Spd
DNA phase as the spacing between helices (or volume)
changes can be calculated through a Maxwell relation
associated with eq 4a

or, | _oh, &, | _ av,
81—[PEG I avW al_[PEG I T)waHs Tpeg
or
ar’,, 1 {oVi {oIlg |HPEG 1 Mlpeqg ©)
aVW Z_jw { 8VW} /{ aI_IPEG} |HS Z_jw al_Is Vi

where we have recognized thatVif, = Vi(ITpegI1s), then

dvW=ﬂ dMpee+ == dII,  (7)
opeg I ol Mpeg
and therefore at constakt,
dMoed (VAN
il |y, (Ve/olpedln, ®
Equation 6 can be integrated to give
oIl
S A W

Note that if solute is completely excluded and acts identically
as PEG, then

w

_ Mpeg
oIl
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All the water removed is water of preferential hydra-
tion.

RESULTS
The Effect of Alcohols and Glycerol on SpdNA Forces.
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Ficure 2: Both MPD and 2-propanol, but not glycerol, strongly
affect the thermodynamic forces between 8pDONA helices. The
interaxial spacing between helices was measured a function of the
PEG osmotic pressure of the bathing solution for SEANA
condensed arrays equilibrated against 2 mM Spa@@t 10 mM
TrisCl (pH 7.5) at 20°C and either without added solute or with
MPD, 2-propanol, or glycerol at a concentration of 2 molal. The
arrows show the equilibrium spacing in the absence of PEG osmotic
pressure for MPD, 2-propanol, and without added solute. Glycerol
has very little effect on the force. Both MPD and 2-propanol further
condense the arrallecesdS the apparent osmotic pressure applied
by the alcohols in addition tdIpeg to account for the change in
spacing.

2-propanol affects forces to a lesser extent. Glycerol that is

intermediate in size has only a very slight effect on spacing

at constant PEG pressure. Size alone is not the dominating
factor. These force curves are not dependent on spermidine
concentration between 0.5 and 20 mM (data not shown), as
was seen previously for Co(N}3* (9).

An effect of MPD and 2-propanol on DNA forces
necessarily means a difference in the distribution of these
alcohols between the SPdDNA phase and the bulk
solution. This difference can be analyzed using the Gibbs
Duhem equation (eq-14) in terms of either an excess (or
deficit) number of waters (a preferential hydratioh), or,
equivalently, an excess (or deficit) number of soluigsA
change i, as the spacing between helices changes can be
calculated from eq 6, derived through a Maxwell relation of
the Gibbs-Duhem equation. Figure 3 shows the variation
in the interpolated PEG osmotic pressure necessary to
maintainD;,, = 26 A (constant volume) as the MPD pressure
changes. The linear relationship indicates thdf,, is
independent of MPD concentration. The observed slope,
d TTpedd Iypp, at Diy = 26 A is —0.55. The apparent,
equivalent pressure applied by MPD at this spacing is slightly
more than half the pressure if MPD were completely

Thermodynamic forces between spermidine condensed DNA€xcluded from the SFd-DNA phase.

helices without added solute and kvi2 m glycerol, 2-pro-
panol, or 2-methylpentane-2,4-diol (MPD) are shown in

Given a linear dependence,ldiredd ITypp at constant
volume can be calculated for each data point from the slope

Figure 2. MPD significantly decreases the spacing between — Iecestl 1s, Wherellsis the contribution to the total osmotic
helices at constant PEG osmotic pressure. The smallerpressure from solute MPD afdlycesdS the apparent pressure
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Ficure 3: PEG and MPD osmotic pressures needed to maintain a 23 24 25 26 27 28 29 30
constant spacing are linearly dependent. The interpolated PEG DA
osmotic pressure at 26 A from forces curves as shown in Figure 2 it ¢
for various MPD concentrations is plotted against the MPD osmotic Ficure 4: The apparent excess pressure applied by the alcohols
pressure. In terms of the osmolal concentratidrs= kT[osmolal}/ MPD and 2-propanol is shown as a function of the spacing between
(55.6 7iy), wherek is the Boltzmann constant, is temperature, ~ DNA helices. For each data point in the force curves with added

andu, is the volume of a water molecule. The linear relationship alcohol, an excess pressure was determined from the difference in
indicates that the change in the excess number of waters in thepEG osmotic pressures at constant spacing, as schematically shown
Spd*-DNA phase is independent of MPD concentration at this in Figure 2. The excess pressure is normalized by the alcohol
spacing. For a simple exclusion, the slope-df.55 indicates that osmotic pressure. For complete exclusion, the ftigestTs = 1.

about half the waters in the SHADNA array are excess at this  The open symbols are for alcohols without added PEG, ranging

spacing. between 1 and 3 molal for 2-propanol and 0.5 and 3 molal for
MPD. The overlap of the different alcohol molal concentrations

applied by MPD on the DNA phase at a spachg, (i.e., indicates that the excess water at any spacing is constant and

HexcesiMPD) = IpedDint, [MPD] = 0) — IIpe(Dint, independent of alcohol concentration. The excess pressure varies

: A - approximately exponentially over this range of spacings. MPD is
[MPD])), as illustrated by the arrow in Figure 2. Figure 4 about 2-fold more excluded than Z-Eropanol. The decay lengths of
shows the dependence Bt.cestlls on Dinc for two concen-  the exponentials are-3.8 and 3.3 A for 2-propanol and MPD,

trations of 2-propanol (0.5 and 1 molal) and three (0.5, 1, respectively, characteristic of water structuring or hydration force
and 2 molal) for MPD. The overlap of the data for the repulsion.

different concentrations simply confirms that the slope
d Ipedd acono is indeed constant. The open symbols in Table 1: Hydrz_:\tion of Dried SpFd-DNA Assemblies Shows
the figure are for MPD or 2-propanol solutions without any Alcohol Exclusiort

added PEG. The insensitivity OFlexcestlls to alcohol C"b Cfc ) Dinte Dimf
concentration indicates that changes in the excess water (mP (mF  CowC A A
associated with the DNA phas&[',, as the spacing between 0 0 292 292
helices varies are also independent of alcohol concentration. MPP g-gé f-gg 8-5‘? %g-g gglgs
To a good first-ordgr approximatioﬂlexc.?séns, and 1.43 183 0.25 271 270
therefore the changes in preferential hydratiad,,, vary 1.51 1.96 0.29 27.0 26.9
exponentially with spacing between helices. The decay 3.09 4.22 0.20 26.0 25.8
lengths are 3.3%0.2 A) and 3.8 A ¢ 0.5 A) for MPD and i-propanol 20-1926 21-5169 005521 2278-53 2278-42
2-propanol, respectively. Within the range of measured glycerol 181 188 0.94 291 29.15

fs(g)ragngsl_[excelsénsffortMPIfDJI.SSabtogét'\{AVICG as large as that aDried Spd* precipitated DNA €10 mg) was solvated with 40
prc_)pano (a factor of 1.8 & )- . uL of alcohol or glycerol solution, as described in Materials and

Sobation of Dry Sp@"™-DNA Shows Exclusion of Alcohols. ‘\ethods, and the concentration of alcohol or glycerol remaining in
Because we can only measure changes in excess vatgr, supernatant was measurédnitial molal concentration of alcohol or
we do not know the absolute signBf, (i.e., if there is more glycerol.©Final molal concentration of solute in the supernatant
or less of these alcohols in the Qf)d)NA phase than in determined from the change in refractive indéXhe ratio of solute

. . concentrations in the DNA phase and supernatant calculated using eq
the bulk solution). We only know that the ratio of alcohol 13 e|teraxial spacings of the solvated DNA pelldtiteraxial

to water in the Sptt-DNA phase compared with the bulk,  spacings of DNA precipitated with Spddtom solutions containing
(NJ/Nw)/(ndny) in eq 4a, decreases as the spacing betweenthe calculated final concentration of solute in the supernatant.

helices decreases. A rapid method for determining whether
solutes are included or excluded from Spgrecipitated necessarily results in a higher solute concentration in the
DNA is to solvate dried Spd DNA pellets with a limited bathing solution after equilibration than present initially. The

volume of alcohot-water solution. Initial and final concen-  results are summarized in Table 1. The alcohols are excluded.
trations of solute can be determined from refractive index Because there is no exclusion of glycerol that is intermediate
measurements. Exclusion of solute from, or equivalently, in size, this exclusion is not because these solutes are too
preferential hydration of, the condensed SpBNA phase large to enter the tightly packed pellet. Furthermore, inter-
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helical spacings of solvated SeDNA pellets are virtually
identical to the spacings observed for DNA directly precipi- 1
tated from alcohotwater solutions with added spermidine.
The ratio of alcohol concentrations in the SpdNA
pellet and in the bathing aqueous solution can be estimated,
assuming that all base pairs in the sample are packed in an
ideal hexagonal lattice. The dried sample has a weak
interhelical reflection at- 20.4 A. A total volume of solution
taken up by the DNA phasd@V, can be estimated from the
change in interaxial spacir@, and from the weighty, of
the pellet, assuming a base pair molecular weilyhtpf ~
700 g/mole and a rise per base paiyof 3.4 A.

AV = %‘B’L(D?

intfinal —

O :

Glycerol

i-Propanol

[Spd*'],;» mM, at the precipitation midpoint

WN
Doy (A1)

whereN, is Avogrado’s number. If the volume of the solution
of concentrationC; initially added to the pellet i%/, then

the ratio of the solute concentration in the DNA pelt@$a, 0.0 o5 o s 20
and in the bathing aqueous solution remaining after equili-

. . . [Solute|, m
bration, C;, is given by » i N
FiGUReS: The critical concentration for Spprecipitation of DNA
: from dilute solution varies with alcohol molal concentration. The
Cona Vo C A : -
=1-—1-2 (12) extent of DNA precipitation by Sgd was monitored by centrifug-
G AV G ing Spd*-DNA solutions and measuring the absorbance of DNA

remaining in the supernatant, as described by Pelta 8l.The
These estimates are given in Table 1. DNA concentration was-15 M in base pairs Ao ~ 0.3 in a

. . : . 1-cm cuvette). The salt concentration was 0.1 M NaCl in 10 mM
This ratio of concentrations can also be estimated from ;< (pH 7.5). Samples were incubated at I for 2 h after

the data in Figure 4, assuming a simple exclusion of alcohols aqgition of SpdGl. In agreement with the force measurements on
from the Spd"™-DNA phase. condensed arrays, glycerol has almost no effect on the criticdt Spd
concentration, while both MPD and 2-propanol strongly decrease

Dintinal Il e the SpdC{ concentration needed for precipitation. The linear
Do 1-——|DdD dependence of [SPt].i: on alcohol concentration is consistent with
Cona int.dry I, an osmotic action of these solutes. The slopes can be interpreted
C ~ Dint inal (13) in terms of the number of extra Spdions that bind to DNA and
0 Dintary DdD the number of released water molecules as DNA goes through the

transition from dilute solution to condensed phase.

We simply extrapolate the data in Figure 4IiQycestlls = . . .
1 (the limit for complete exclusion) and assume the alcohol Assuming cylindrical geometry and a 20-A diameter, 36
waters corresponds to a distance of 4.1 A from the3Spd

concentration at closer spacings is 0. The calculated ratio of 8
concentrations is-0.22 fgr MF?D at 27 A and~0.45 for DNA surface and 24 waters to 2.9 A. Essentially only the
i ) first hydration layer is affected.

2-propanol at 28 A. These values are somewhat smaller than N . .
prop Precipitation of DNA by Spd from Dilute SolutionThe

those estimated in Table Q.27 and 0.52 for MPD and L ; . ) "
2-propanol, respectively, at comparable spacings), but within precipitation of DNA fr_om dilute solution provides a critical
reason given the crude assumption of a perfect DNA lattice test 9f the extrac’Fed d|§tance dependence of the excess water
made in calculating the ratio of concentrations from the distribution function. Figure 5 shows the dependence of the
solvation experiments. critical Spd‘+_concentra}tlon_ necessary for precipitation of
DNA from dilute solution in 0.1 M NaCl on the molal

Numbers of Preferentially Included Water§he total . f MPD. 2 | and al LN .
number of preferentially included waters per base pair can oncentration o » 2-propanol, and glycerol. Not surpris-

be estimated in much the same manner ingly, the efficacy of these osmolytes in facilitating precipita-
tion is mirrored by their effect on the osmotic stress force

o V3 Hexces curves seen in Figure 2. The slopes seen in Figure 5 are
ATy o= Jo, . ‘_LTb dD (14)  determined by the difference in numbers of Spibns and
o Uy s water molecules bound to DNA in the dilute solution and in

the precipitated assembly at the critical Spdoncentration,
AT'sp¢+ and ALy, respectively. For these solutes within this
concentration range, osmotic pressure varies linearly with
molal concentratiom to a very good approximation, so that

wherelL is the rise per base pair, assumed 3.4 A, anis

the molecular volume of water, assumed 39 Again, we
simply extrapolate the data in Figure 4 and assume that
ITeycestlTs can reach a maximum exclusion value of 1. The
preferential hydration of S§&-DNA in the presence of MPD "
is 36 waters/bp and 24 waters/bp with 2-propanol. Alterna- d In([Spoa lcri) "y Arl,/55.6
tively, an equivalent, two-state Gibbs dividing surface can dm, Al'gpe+
be calculated33). This is defined by the distance out from

the DNA surface that would have to be swept entirely clear Matulis et al. 84) has estimated\I'sp#+ as ~0.1/bp. We
of solute to give the same number of included waters. can calculaté\l'y, by integratinglTexcestl Is from the distance

(15)
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between helices at the precipitation transitibg, ~ 29 A, extracted or more precisely a change in the number of excess
to infinite separation waters as a function of the distance between DNA helices.
Figure 4 shows the variation in equivalent excess alcohol
II osmotic pressure normalized by total alcohol osmotic pres-
AL\ (/bp) ~ f;gAD—JSL%b dD (16)  sure with DNA helix spacing. The overlap of the various
W s concentrations simply means that the excess water is
independent of alcohol concentration at any particular
spacing. The overlap of data with and without added PEG
indicates we have properly accounted for the effect of PEG
on alcohol activities. Over this limited range of spacings,
the distance dependence of the excess pressure can be fit
well by an exponential, with decay lengths 380.5 and
3.3+ 0.2 A for 2-propanol and MPD, respectively. These
decay lengths are characteristic of a repulsive hydration force
(17, 28). Forces have now been measured between many
different kinds of macromolecules, many charged and
zwitterionic lipid layers 17, 37, 38), highly charged DNA
DISCUSSION with various different salts39, 40), collagen triple helices
The action of solutes on DNA properties has commonly (41, 42), naturally occurring charged polysaccharides such
been considered from the standpoint of an effect on the as:-carrageenan and xantha4), the naturally occurring,
solution dielectric constant on polyelectrolyte behavior. The uncharged carbohydrate schizophyllad3)( and an un-
electrostatic model for polyvalent cation assembly of DNA charged, chemically modified polysaccharide, hydroxylpropyl
postulates an attractive screened electrostatic interactioncellulose 82). A striking common feature for many of these
between negatively charged phosphate groups on one DNAvery disparate systems is the dominance of-a 3 decay
helix with positively charged polyvalent cations on an length exponentially varying force at close spacings, the last
apposing helix. The effect of alcohol on decreasing the 10—15 A of separation between surfaces. Force amplitudes
critical concentration of polyvalent ion necessary for pre- may vary by several orders of magnitude. We have argued
cipitation has been rationalized as an increased attractivethat these close interactions are due to water structuring
interaction between helices due to the lowered dielectric energetics. Within this framework, these repulsive hydration
constant of alcohol-water solutions. Such a model would, forces result from the restructuring of water as hydrated
of course, predict a problematic preferential inclusion of surfaces come in close contact. The large forces are the
nonpolar alcohols within the high charge density SpgdNA aggregate sum of small perturbations of many water mol-
phase. This framework ignores changes in self-energies orecules. The 1815 A range of these forces corresponds to
Born energies35) resulting from the difference in solvation  about two layers of water on each surface. ThetR decay
of the charged groups with water and with nonpolar alcohol. length reflects a waterwater correlation length that, for
These energies are generally larger than the electrostatiexample, has been observed for density fluctuations in pure
interactions between charged groups. An alternative explana-water by X-ray scatteringdd). The amplitude of the force
tion is that alcohols are strongly excluded from the DNA reflects the strength of the interaction between water and
surface (i.e., a preferential hydration) and that Bpd the macromolecular surface and the mutual water structure
precipitation of DNA reduces the excess number of included on apposing surfaces. The alcohols MPD and 2-propanol
waters (i.e., there is a release of excess water accompanyingeem to interact with the DNA surface at close spacings
precipitation). A strong exclusion of MPD from the protein through their effect on water structuring.

We further assume that the exponential formItfcesiI1s
seen in Figure 4 can simply be extrapolated to very large
separations and that added solute does not afid,¢+
significantly. The estimatedI', ~ —5.2 waters with MPD
results in a calculated slope ef0.95 nt! compared with
the measured-1.10 ntl. With 2-propanol, ATy, ~ —3.7
waters, corresponding to a slope ©f0.65 m* compared
with the experimental value of0.60 nT%. The predictions
are in good agreement with experiment.

RNAse has been directly measured by densitom&sy36) Only changes in preferential hydratioAI',, can be
and rationalized as a strong repulsion from surface chargecalculated from the data in Figure 4, not absolute numbers.
groups. The solvation of dry Spd-DNA aggregates, however, shows

Indeed, we measure a strong exclusion of alcohols from that the alcohols are highly excluded from the DNA phase.
Spdt-DNA arrays. Force curves of SPdDNA aggregates  The extent of exclusion is consistent with a simple expo-
in alcohol-PEG solutions indicate that there is a very strong nential exclusion of alcohol, or
interaction of the alcohols MPD and 2-propanol with DNA.

This is quite unlike glycerol, which shows no preferential C(D) 1— AgDH

. AT . . . ~ e

interaction, inclusion or exclusion. The effect of alcohol is Co

not through Sp# activity because force curves are insensi-

tive to bathing solution Sgd concentrations between 0.5 whereC(D) is the average alcohol concentration in the DNA
and 20 mM. The PEG osmotic pressure necessary to maintairphase at a spacin® and C, is the bulk concentration.
a constant interhelical spacing (or volume) is linearly Complete exclusionG(D) = 0 or ITexceslIs = 1) of MPD
dependent on the alcohol osmotic pressure (Figure 3). Thisoccurs at a spacing of24 A and, by extrapolation, of
indicates that the number of excess water molecules associ2-propanol at~ 22 A. A total number of included waters
ated with the Sptt-DNA phase is constant, independent of can be calculated by extrapolating the exponentials in Figure
alcohol concentration, at that spacing. 4 and integrating fronD = o to the “dry” diameter of 20.4

The great advantage of using the osmotic stress approach, assuming a maximal value f@feycestITs of 1. Assuming
for measuring solute exclusion is that a spatial distribution a 3 A radius for a water molecule and approximating DNA
of solute from the macromolecular surface can now be as a smooth cylindrical surface, the total excess number of
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waters associated with DNA for 2-propanol is roughly effects would then simply scale with size as observed. The
equivalent (Gibbs dividing surface) to the first hydration layer insensitivity of Spd™-DNA force to glycerol with its 1:1
of DNA (24 waters/bp) and about 1.5 layers for MPD (36 ratio of hydroxyls/alkyl carbons rather than 1:3 suggests to
waters/bp). These equivalent exclusion distances are on thea first order approximation that hydroxyls and alkyl carbons
same order as those calculated for the exclusion of severahave oppositely signed interactions with the DNA surface.
polar solutes from protein surface30( 45). Preferential Hydration.The exclusion of solutes from

A demanding test of the preferential hydration distribution proteins has been widely measured by densitometry (re-
function is the comparison of theory and experiment for the viewed by Timasheff Z5, 26)) and osmometry30). The
effect of alcohols on the critical concentration of Spd  changes in protein free energy due to the presence of solute
needed for precipitation of DNA from dilute solution (Figure quite often vary linearly with solute concentration. To a good
5). The calculation of water release associated with*Spd approximation, this dependence indicates that the number
precipitation is dominated by an extrapolation of the data in of included or excess waters associated with the protein is
Figure 4. The effect of alcohol on the binding competition constant, independent of solute concentration. Thermody-
between Naand Spd' is neglected, andT'sgs- is assumed  namically, the energy change of the protein associated with
to be independent of alcohol concentration. Nonetheless, thevarying the solute concentration is simply given by the
observed and predicted slopes, d In([Sigh)/d Mucono, agree product of the change in water chemical potential and the
quite well. Itis possible that the potential complications due number of excess waters or, equivalently, of the change in
to addition of alcohol compensate. osmotic pressure and the volume of the excess water. The

There has long been a tension between interpreting solutemeasurements of preferential hydration can only determine
particularly alcohol, effects on DNA conformation and a number of excess waters, not their distribution. The
interactions in terms of dielectric constants and electrostaticsphysical interactions underlying the exclusion of solutes have
or as an exclusion and preferential hydration. Given the long been obscure. Only equations for hard sphere steric
results reported here, the primary effect of alcohols or¥Spd  interactions have been developesR,(53). Here we can
DNA assembly is through exclusion, not through the determine not only a number of preferentially bound waters
dielectric constant. Alcohol is acting osmotically on the but also a distribution function. A striking convergence of
excess water in the condensed array. There may be gpreferential hydration and hydration forces is seen; the
secondary, dielectric-constant-based effect that leads to lesglistribution of excluded alcohols from the DNA surface is
exclusion than would occur in the absence of a possible determined by water structuring interactions.
attractive electrostatic interaction, but it would be difficult This is now the second system that the distance depen-
to establish this convincingly. It is well-established now dence of solute exclusion has been extracted. Exclusion of
through the work of Ivanov and co-workers) that alcohols  polar and charged solutes from condensed hydroxypropyl
produce the B-A transition of DNA also through their action  cellulose (HPC) arrays is almost a mirror image of the
on water activity. This, of course, implies an exclusion of exclusion of nonpolar alcohols from SP¥eDNA (unpub-
alcohol from the hydrated DNA surface. A dehydrating effect |ished experiments). No exclusion of MPD is seen from this
of alcohols likely applies to other conformational transitions hydrophobically modified cellulose. HPC, however, does
as well @7), as the B-Z transition. MPD is known to affect  strongly exclude salts, the zwitterionic osmolyte betaine
A-tract bending 48). Both electrostatics and dehydration glycine, and neutral, but polar solutes such as glycerol and
effects have been invoked as explanations. The A-tractq-methyl glucoside. Remarkably, the same43A decay
conformation associated with the bent DNA structure is length exponential is seen for these interactions. The
characterized by a narrow minor groove and widened major magnitude of the exclusion for salts follows the anion
groove. If the amount of preferentially bound water that Hofmeister series, which has long been thought to reflect
excludes MPD is different for the bent and unbent A-tract differences in hydration structure and energies. These
conformations then an osmotic action of MPD is required. combined results present a unifying theme for the interaction

Solute Size Effectd\ striking correlation is that MPD,  of solutes with macromolecular surfaces. Preferential hydra-
which is essentially two 2-propanol molecules joined methyl tion is enforced through water structuring or hydration forces.
to hydroxyl carbon, is also about 2-fold more excluded. A
simple steric argument cannot explain this because there iSACKNOWLEDGMENT
no apparent barrier for glycerol that is intermediate in size.
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